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MULTI-TECHNIQUE STUDY OF IONOSPHERIC STRUCTURES CAUSING
DEGRADATION IN TRANS-IONOSPHERIC COMMUNICATIONS SYSTEMS

Summary

A variety of diagnostic techniques has been used at
equatorial, middle, auroral and polar latitudes to probe large
and small scale ionospheric structures which cause degradation in
trans-ionospheric communications systems.

By conducting ionospheric scintillation measurements at
various stations in different latitude regimes of the globe, we
were able to establish that the equatorial anomaly crest region
is the most disturbed irregularity environment with 30 dB
fluctuations observed at 1.5 GHz and 7 dB fluctuations observed
even at 4 GHz (Attachment 1). We were also able to provide the
first long-term measurements of phase scintillation at such a
location - the rms phase deviations being as large as 16 radians
at 244 MHz (for 100-sec detrend period) in the pre-midnight hours
of high sunspot years (Attachment 2).

The polar cap was also found to be a seat of large phase
fluctuations at 250 MHz with values as large as 12 radians being
observed (with 82-sec detrend period) at Thule, Greenland
(Attachments 2 and 3). It is quite possible that these large
phase scintillations occur in conjunction with large increases in
total electron content (TEC) observed with Global Positioning

System (GPS) satellites at Thule, with factors of 2 increases in

TEC above the background not uncommon (Attachment &4). By




conducting continuous intensity scintillation measurements at
Thule over half a solar cycle, the very significant effect of
sunspot number in controlling the magnitude and occurrence of
scintillations was established (Attachment 2).

In the auroral oval a new class of irregularities was
identified which was associated with shears in the background
convective plasma flow (Scientific Report 2 - Basu et al.,
Geophysical Research Letters, 13, 101-104, 1986). Multiple
diagnostic instruments such as the incoherent scatter EISCAT
radar, the coherent backscatter STARE radar and the Hilat
satellite in-situ measurements of ion drift were utilized to
determine the presence of velocity shears. The small scale
irregularities (< 1 km) were found to have relatively shallow
spectral slopes and large power spectral densities at hundreds of
m scalelength as evidenced by the substantial scintillation even
at 413 MHz, An earlier study done jointly with the Atmosphere
Explorer-D and DMSP satellites also provided evidence for shallow
spectral slopes of density irregularities in conjunction with
velocity shear regions and steep spectral slopes in regions of
energetic electron precipitation where E-layer conductivity was
high (Attachment 5). The large temporal and spatial variability
of the background plasma flow gives rise to large variations in
decorrelation times and in phase and intensity scintillation
rates which adversely affect communications systems at 250 MHz
operating in the high latitude environment (Attachments 2 and 3).

Measurements of TEC made at mid-latitude stations such as

Haifa (L = 1.24) and Athens (L = 1.37) showed the importance of
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downward fluxes of electrons from the equatorial regions in
causing post-sunset increases of TEC at the lower latitude
station of Haifa (Attachment 6), The problems involved in the
determination of absolute ionospheric time delay from GPS signals
were studied. It was found that multipath effects from the local
environment of the receiving antenna can cause severe
contamination of ionospheric group delay measurements made with
the GPS pseudorandom noise receivers (Attachment 7).

At the magnetic equator, scintillations caused by a new
class of irregularities known as bottomside sinusoidal (bss) were
isolated (Attachment 8). The unique feature of this class of
irregularities is that Fresnel oscillations are observed in their
spectra indicating that these irregularities occur in relatively
thin layers (probably < 50 km in altitude extent), The patches
containing these bss irregularities, however, are quite extended
in the E-W direction sometimes covering more than 1000 km.

A host of diagnostics was used to study the other well-known
class of equatorial irregularities known as "bubbles" during an
extensive rocket campaign conducted in Peru called "Project
Condor". Using scintillation, radar backscatter, and digital
ionosonde data, it could be shown that two factors, other than
the classical Rayleigh-Taylor plasma instability process, must
operate to yield the longest-scale horizontal organization of
spread-F structures. These two factors are probably shears in
the background plasma flow and gravity wave induced vertical

motions as discussed in Attachment 9. A careful analysis of the

GHz scintillation data obtained during Project Condor established
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that the height integrated rms electron density deviation of

200 m scale irregularities causing 1.7 GHz scintillations
maximizes in extended 3-m backscatter plume structures. Further,
the spaced-receiver scintillation measurements yielded
irregularity drift velocities in fairly good agreement with the
50 MHz radar interferometer results (Attachment 10). All the
above equatorial irregularity results, as well as, the importance
of nighttime F-region dynamics in controlling the magnitude of
scintillations were summarized in a recent review of equatorial
scintillations (Scientific Report 1 - Basu and Basu, J. Atmos,.

Terr. Phys., 47, 753-768, 1985).

. -

LI - L L.
~ A P PN N

e e e
Lu Y P



ATTACHMENT 1

Radio Science, Yolume 20, Number 3, Pages 357-365, May-June 1985

UHF/GHz scintillation observed at Ascension Island from 1980 through 1982

J. P. Mullen, E. MacKenzie, and Santimay Basu

Emmanuel College. Boston, Massachusetts

H. Whitney

Air Force Geophysics Laboratory, Hanscom Air Force Base, Massachuseits

{Received July 25, 1984 accepted October 15, 1984))

Three years' scintillation measurements taken at Ascension Island have been reduced and are pre-
sented here The 1.5-GHz and 257-MHz signals of Marisat were supplemented by 3.9-GHz observa-
tions during January-May 1981. While their temporal patterns are similar to those found earler in the
Afro-Amencan zone. they exhibited unusually frequent occurrence of heavy scintillation at gigaheriz
[requencies often exceeding 30 dB at 1.5 GHz and 7 dB at 4 GHz These patierns are atinbuted in part
to the position of the station near the southern peak of the Appleton anomaly. Comparisons are made
between thewe and similar observations taken at Hong Kong, ncar the northern peak of the anomaly.

INTRODUCTION

Scinullation measurements from the geostationary
satelhte Mansat at UHF (257 MHz) and L band

occurrence of scintillation greater than 6 dB (Figure
2) and 15 dB (Figurc 3) at the L band frequency as a
function of local time¢ (LT = UT —~ 1 hour) during
1980-1982. These generally follow the equatonal pat-
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::2:;“8?;5(,,'55‘4: 4?8H3)“:‘:"°[)':C':;';gr 3;9’7‘;?“;;’:22 terns described carlier [Mullen et al, 1977, 1983; N
years' data (1980-1982) have been analyzed to pro- Paulson, |98‘.] in which heavy sqnq]lau_on common- -t
vide statistical information on the intense scintil- ly occurs during Seplembcr-Aprll.WIlh tittle in May— .r
lation observed here, which is more severe than that August. The sunrise "T‘d sunset times .at an gltltudc e
obscrved at other cquatorial stations [Aarons et af, ©f 110 km corresponding to the E region height are g
1981] During early 1981 (January-May), measure- indicated by the dotted lines in both_ dl‘agrgms. It N
ments were also available on C band (3.9 GHz) from ™MaY be noted that (hcvcon:ours of. scintillation oc- ::.
this satellite. The scintillation magnitudes of L band currence arc confined in thc -ime mt.crval bc(.wccn 's::
and C band measurements were obtained following sunset and about 4 hour.s prior (o sunrise. Occasional :-'
the standard reduction precedure of Whitney [1974). intrusion of the dotted line |ps1dg the occurrence con- s.f:
The UHF scintillation data were scaled only to the tours 1s causcq by the lS-mm time resolution of the *
cxtent that tmes of scintiliation occurrence > 10 dB computed SI index. An cxamination of the raw data,
) however, reveals that the sunset always precedes the A
were noted. e . C P a7
onset of scintillation. A detailed examination of the Ny
THE DATA occurrence pattern will be made in a later section. .*:
Based on this patiern, in 1981 and 1982, data was %)
Figure 1| shows a sample of scintillation on all 3 not taken during the light occurrence months. N
frequencies obtained on February 3, 1981. Saturated In order to show the time history of the onset and .
scintillation was seen at UHF, with up to 31 dB at L decay of UHF and L band scintillations in the course
band and 7.3 dB at C band. This could be considered of a single night, we illustrate in Figure 4 the daily <
a common occurrence at this time. occurrence of UHF scintillation S/ > 10 dB and L e
Figures 2 and 3 are contour plots of the percent  band scintillation S/ > 1 dB as a function of local -
time (LT = UT - 1 hour) for the month of March ]
1980. We have chosen this particular month as it [ .
Copynight 1985 by the Amencan Geophysical Union shows the maximum occurrence of scintillation. The o
Paper number 451358 stniking features of simultaneous onset of scintil- ::' Y
0N48-6604/85/004S-1 358308 00 lations at both (requencies at about 2000 LT, the _.z
>
187 ~
The U.S. Government Is authorized to reproduce and sell this report. @
Perrpission for further reproduction by others must be obtained from ‘ S
the copyright owner. ? .
’ e, ,'_-‘. ( ‘.ly 'v‘\f\f~ \1",'_‘.':a-“.-".'.'¢'.1-_-: - -.I“ .
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IONOSPHERIC AMPLITUDE SCINTILLATION
ASCENSION ISLAND - 3 FEB. 1981

FLTSAT
T

MARISAY

237 MHs

MARISAT
1941 Mg

J‘”‘“"’*’W’W

2308 uT

- ; -
a2 -S— N
Te 22 ——
<3 -8 —
2L 24—
Fig. 1. Sample of scintillation observed at Ascension Island on February 3, 1981.

decay of L band scintillations seen after local mid-
mght, and the persistence of UHF scintillations as
long as 0400 LT are seen.

Cases of L band scintillations without any accom-
panying UHF scintillations (e.g., March 5 and 6 be-
tween 0000 and 0100 LT) are a resull of the data
analysis procedures. The UHF data were scaled to
exact on/off times of scintllation index >10 dB
while the L band data were scaled in the standard
15-min reduction scheme which assigns a decibel
value to 15-min data blocks. In Figure 5, a similar
daily occurrence pattern for February 1981 is shown
when the C band (3.94 GHz) scintillation data were
available in addition to the UHF (257 MH2z) and L
band (1.54 GHz) frequencies. The diagram indicates
that the onsct of scintillations in the wide frequency
interval of 257 MHz to 3.94 GHz is near simulta-
neous but the decay of scintillations is progressive
from the highest to the lowest frequency. This implies
that the irregularities in the scale-length range of
about 700 m and 175 m, corresponding to Fresnel
dimensions of 257 MHz and 3.94 GHz, respectively,
attain their maximum strength simultaneously, but
the lifetime of the 700-m irregularities is several
hours longer than the 175-m irregularities.

In view of the localization of scintillations men-
tioned above, further analysis was done in two
4-hour time blocks, namely, the premidnight time
block between 2000-2400 LT and the postmidnight
block between 00000400 LT. Figures 6 and 7 show
the L band monthly occurrence levels of various

fading depths during these two most active 4-hour
time blocks. The fading depths correspond to scintil-
lation indices as shown in Table 1.

For premidnight scintillation, the peak month of
the 3 years is March 1980. In view of the very low
occurrence of postmidnight scintillations, it is diffi-
cult to assign any statistical significance to the ob-
served seasonal pattern. The premidnight occurrence
peak is approximately 4 times as great as the post-
midnight.

Within the premidnight time period (Figure 6), it
appears that two patterns of fade levels occur. At the
lowest level of fade occurrence (>S5 dB), one broad
maximum runs from September-March. At the high-
est level of fade occurrence (>20 dB) two distinct
maxima emerge {rom the broad background, the first
in September—October and the second in February-
March. An asymmetry between the two cquinoxes
may be noted, which seems to vary over the ycars. In
the 1980-1981 period, scintillations are accentuated
in March, whereas in 1981-1982, the occurrence 15
higher in September.

The pattern of magnetic activity on a monthly
basis suggests a possible explanation for these excep-
tions. The statistics presented in this paper have been
compiled regardless of magnetic activity index. Kp
As noted in Aarons et al. [1981], increased magnetic
index inhibited santillation  (during  January-
February 1980). Aarons et al. [1980] noted this at
Huancayo, Peru at which ume it was secn that this
decrease was of differing severity in different seasons,
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OCCURRENCE OF SCINTILLATION AT ASCENSION 1SLAND
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Fig. 4 Daily occurrence of UHF (5/ 2 10 dB) and L band (S > | dB) santillation during March 1980 as a
function of local time.

and in May-July actually reversed to an increase. In
March 1980, when the percentage occurrence of scin-
tillation was higher than anticipated, the percentage
of ime that the magnetic activity index Kp was dis-
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Fig 5 Daly occurrence of UHF (S1 2 10 dB). L. band (S1 > 1
dB). and C band {S] 2 | dB) sainullation during February 1981 as
a funcuion of local ime

turbed (> 3) was less than in other months, and in
March 1981, when the percentage occurrence of scin-
tillation was lower than anticipated, the percentage
of time that the magnetic activity index was dis-
turbed (> 3) was greater than in the other months. In
September—October 1982, reduced sunspot number
and increased magnetic index seemed to link together
to reduce S/ (decibels).

Various percentiles of scintillation occurrence at
1541 MHz were computed during 1900 LT to 2300
LT, the period of maximum scintillation activity.
Figure 8 shows for the year 1980 the median, the
90th and 99th percentiles of occurrence: that is, the
percentage of time where scintillation 1s equal to or
less than the ordinate. It may be noted that in March
1980, scintillation index as high as 18 dB was at-
tained at 1541 MHz for 50% of the time. It 1s also
significant to note that scintillation index exceeding
29 dB was observed 10% of the time over the broad
period of September 1980 to March 1981. Figures 9
and 10 show similar statistics for 1981 and 1982
These diagrams depict the vulnerability of 1541 MH7
communication hnks in the extremely disturbed
ionospheric environment at Ascension lIsland. An
outage as large as 10% for systems with fade margins
of 24 dB is a common occurrence for about 6 months
between September and March
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DISCUSSION

The high intensity and occurrence of gigahertz
scintillation observed at Ascension Island have been
described by Christiansen [1971), Aarons et al.
(1983)., Basu et al. [1980a), and Basu and Basu
(1981). Among others, Aarons et al. [1981] hypoth-
esize that the dominant underlying factor is penctra-
tion by the raypath of the equatorial anomaly crest.
They ¢ 1ipare the Ascension observations with those
taken .t Huancayo (2.5°N dip) and attribute the

grcater anomaly region scintillation to higher noc-
turnal electron densities (and therefore higher valuc
of electron density deviation, AN) than at the mag-
netic equator. Electron density levels in the evening
at Ascension greater than 4 times that found at the
dip equator have been suggested by Gerard et al.
(1977].

In the postsunset period, the near simultaneous
onsct of scintillations in the broad frequency interval
of 257 MHz to 3945 MHz is significant. Since the
Fresnel dimensions of 257 MHz and 3945 MHz ob-
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TABLE I. Conversion of Fade Level 1o Santiliation Index

Fade Level, dB Scintillation Index, dB

25 286
210 2157
215 2226
220 2282

servations are about 700 m and 175 m, respectively,
it is concluded that the irrcgularities in this broad
scalc range attain maximum spectral intensity simul-
taneously. The hfetime of short-scale irregularities 1s,
however, scveral hours shorter than the larger scales
as indicated by the carlicr decay of scintillations at
higher frequencies. This extends the initial observa-
tion of simultaneous generation of large- and small-
scale irregularities found by Basu et al. [1980b] in
Pcru using scintillation recordings, the Jicamarca
radar backscatter, and in situ data from AE-E.

Fang and Liu [1983], observing at Hong Kong
{(dip = 30°N). have reported gencrally similar resuits
to thosc found at Asccnsion. Obscrving at 4 GHz,
they find scintillation occurrence equinoctial in
character as we do at Ascension; during peak hours
in Scptember 1979 scintillation of 2-6 dB occurs up
to 45% of the timc, and up to 65% in March 1980.
Qur extensive observations at 1.5 GHz confirm the
above result.

ASCENSION ISLAND 541 MMy

99%

20 - 2eauT

0%
Sita®)

J F M A M J 4 A S O %W D
1980
Monthly median. 90th and 99th percentiles of scintillation

occurrence in 1980 (2000-2400 UT)

Fig 8

ASCENSION 1S AND 1941 Wty

siles)
[

ND

1901
Fig. 9. Monthly median, 90th and 99th percentiles of scintillation
occurrence 1 1981 (2000-2400 UT).

Width of the anomaly crest

Assuming that the results at Ascension and Hong
Kong are duc to their respective positions under the
southern and northern crests of the anomaly, the
question rises as to why the reported scintillation
observed at Taipei, Taiwan (dip = 35°N) is so much
less intense and less frequent. This has been studied
by Wernik et al. [1983] whose findings indicate that
the region is characterized by extremely sharp lati-
tudinal gradient of total clectron content. They
invoke the suggestion of DasGupta et al. [1981] and
state that the extreme latitudinal gradients at the
anomaly region may result from the sharp altitude
distribution of the plumes in the equatonal region.

Sensitivity to magnetic index (Kp)

An attempt was made to study this problem from
a data set obtained during May, June and August
1980 when scintillation occurrence is minimum.
During May, there were no L band scintillation.
UHF scintillations were seen on five occasions. The
magnetic indices (Kp) for these times were 5, 4. 1, 4,
3, and 5. Duning June, UHF santillation again oc-
curred on 5 nights. On 2 nmights, the UHF activity
was accompanied by L band scintillations when the
Kp values were 5- and 5+, respectively. This is 1n
agreement with earlier work [Mullen, 1973] which
indicated that during periods of mimmum scinul-
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lation activity, scintillation occurrence is enhanced
by magnetic activity. However, on several nights
when the Kp values reached 5 or higher, no scintil-
lation was seen. The data during July and August
indicated that 75% of cases with strong scintillation
activity were magnetically disturbed. Obviously, an
clevated Kp cannot be the sole triggering mechanism
during this pcriod. During other months, clevated Kp
has beecn shown to inhibit scintillation [Koster,
1972].

CONCLUSIONS

Three years™ observations of 1.5-GHz scintillations
at Ascension Island, supplemented by 257 MHz most
of the time and 3.9 GHz part of the time, are reduced
and presented here.

Unusually heavy scintillation observed on giga-
hertz signals at Ascension Island is attributed to ray
penetration of the F region irregulanties in an envi-
ronment of high background ionization density that
develops in the region of the Appleton Anomaly
shortly after sunset. The postsunset enhancement of
background ionization density is most marked near
Ascension Island where the transport of ionization in
the magnetic meridian through the agency of the
zonal neutral wind is facilitated due 10 the high mag-

G N T e A N N A A N S N R A N AN AN NN

netic declination in this longitude sector. The results
mcasured at Ascension arc compared (0 thosec mea-
sured at Hong Kong which is also under the anoma-
ly crest and are found generally similar. Scintillation
commenced simultancously at UHF and GHz fre-
quencies. Scintillation diminished and stopped first at
the higher frequencies leading to the conclusion that
the irregularities achieve maximum intensity togeth-
er, and the larger scale sizes decay more slowly.

Magnetic dependence of “off season™ scintillation
has been examined as a trigger mechanism and found
inadequate to explain the day-to-day variability of
scintillations.

Gigahertz scintillation occurrence peaks during the
premidnight hours (2000-2400 LT) when 10%
outage of L band links with 25-dB fade margins are
observed.

In general, scintiliation magnitude falls off as sun-
spot number decreases, mainly as a result of the de-
crease of F region ionization density in the post-
sunset hours. The decrease of scintitlation occurrence
is possibly a result of the limited altitude extent of
the irregularities at the magnetic equator.
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Emmanuel College and the Defense Nuclear Agency under sub-
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250 MHz/GHz Scintillation Parameters in the
Equatorial, Polar, and Auroral Environments

SANTIMAY BASU, EILEEN MARTIN MacKENZIE, SUNANDA BASU, EMANOEL COSTA.,
PAUL F. FOUGERE, senior memBer, 1IEEE, HERBERT C. CARLSON, JR.,
AND HERBERT E. WHITNEY

Abstract—lonospheric scintillation effects encountered in the equa-
torial anomaly crest, polar cap, sand aurorsl regioas have been con-
trasted lo provide information for the design and evaluation of the per-
formance of multifrequency satellite communication links in these
regions. The equaterial anomaly region s identified as the most dis-
turbed irvegularity enviconment where the amplitude snd phase struc-
tures of 250 MHz and L-band scintillations are primarily dictated by
the strength of scattering rather than lonospheric motion. In the snom-
aly region, the spectra of intense amplitude scintiliations at (hese fre-
quencies are characterized by uniform power spectral density from the
lowest frequency (10 MHz) to 4 Hz st 257 MHz and to 1 Hz st L-band
(1541 MHz) snd steep rolloff st higher fluctuation frequencies with
power law indexes of —5 10 —7. Such structures are compatible with
intensity decorrelation times of 0.1 and 0.3 s at 257 and 1541 MHz,
respectively. The phase spectra at 244 MHz are described by power
law varistion of psd with frequency with typical spectral indexes of
~2.4. The strong scattering at VHF induces extreme phase rates of
200° in 0.1 s. The 90th percentile values of rms phase deviation at 244
MHz with 100 s detrend are found to be 16 rad in the early evening
hours, whereas amplitude scintiltation can cover the entire dynamic
range of 30 dB not only in the 250 MHz band but at L-band as well. In
the polar cap, the 50th and 90th percentile values of rms phase devia-
tion at 250 MHz for 82 s detrend are 3 and 12 rad, respectively, with
comparable values being obtained in the auroral oval. The correspond-
ing values for the 5, index of scintillation are 0.5 and 0.8 in the polar
cap, which are slightly higher than those recorded in the auroral oval.
The power law index of phase scintillation at high latitudes is in the
vicinity of —2.3, which is not a result of very strong turbulence as in
the equatorial region but is considered to be a consequence of shallow
irregularity spectral indexes. The phase rates at auroral locations are
sa order of magnitude smaller than in the equatorial region and attain
values of 100° in 0.5 s. The extreme variability of ionospheric motion
In the suroral oval sensitively controls the structure of scintillations.

The long-term morphology (period 1979-1984) of intensity scintil-
iations at 250 MHz in the polar cap shows that, in addition to the sb-
sence of diurnal variation of scintillations, and the presence of an an-
nual variation with a pronounced minimum during local summer, there
exists & marked solar control of scintillation activity such that it
abruptly decreases when the solar aclivity falls below a threshold level.
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ATELLITE communication links in the 250

MHz /GHz range can be subjected to the effects of
ionospheric scintillations which are caused by the irreg-
ularities of electron density in the F-region of the ionos-
phere. These irregularities impose random phase pertur-
bations on the wavefront of a satellite signal during its
passage through the ionosphere. As the wavefront with
p=rturbed phase travels toward the ground, intensity and
phase fluctuations develop across the wavefront due to
phase mixing. In the case of an orbiting satellite, these
intensity and phase fluctuations sweep past a receiver be-
cause of the satellite motion and the receiver output reg-
isters time variations of intensity and phase known as in-
tensity or phase scintillations. On the other hand, in the
case of a geostationary satellite, the motion of the ionos-
phenc irregularities carries the intensity and phase varia-
tions across a fixed ray path and causes scintillations on
a communication link. It should be remembered that the
ray path from a satellite orbiting, at an altitude of 1000
km, sweeps past the tonosphenc irregularities assumed to
be at 350 km at a speed of ~3 km s™'. On the other hand,
the speed of F-region irregularities relative to a receiver
on the ground is typically on the order of 100 ms™'. As
a result, the scintillation rate of orbiting satellite signals
15 generally an order of magnitude faster than in the case
of geostationary satellites.

Scintillations cause both enhancements and fadings
about the median level of the signal as the radio signals
sweep across the irrcgular lonosphere. When these fad-
ings exceed the specified fade margin of a link, its per-
formance is degraded. The degree of degradation will de-
pend on the magnitude of fadings relative to the margin, _
the duration of the fade, the rate of fading, the type of
modulation, and the criteria of acceptability. On a global
scale, the degradations are most serious for propagation
paths which transit the low latitude irregularity belt around
the magnetic equator and the high latitude environment
encompassing the auroral oval and polar cap regions (cf.
Fig. 1 given in [1)).

The morphology of scintillations has been studied for
several years and documented for the equatonal, midla-
titude, auroral, and polar cap regions. Intensity scintilla-
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tion measurements with orbiting and geostationary satel-
lites provided the major database for such long-term
studies (1). The morphology of phase scintillations was
developed by the use of multifrequency phase coherent
DNA wide-band satellite transmissions in the equatonial
{2) and aurora! regions [3), [4). More recently, near-sta-
tionary polar beacon satellites, which can be viewed at
high clevation angles from high latitude stations, have
been used to develop the morphology of phase and inten-
sity scintillations in the auroral oval and polar cap regions
[5). In addition, case studies of ionospheric scintillations
have been made in conjunction with rocket, radar, satel-
lite in situ, and optical measurements [6)-{8). These in-
vestigations have provided much insight into the mecha-
nisms of irregularity formation and are expected to be
helpful in developing predictive systems of scintillations
based on geophysics [9).

In this paper, we first isolate very disturbed irregularity
environments at both high and low latitudes, provide
quantitative measures for the level of disturbance encoun-
tered by communication links in these regions, and ana-
lyze further the results in a form that can be used to eval-
uate communication system performance. We shall
emphasize the difference between the structures of scin-
tillation at high and low latitudes and isolate the appro-
pnate parameters of concem to communication links op-
erating in these two distinct disturbed regions of the globe.

II. DATA AND METHOD OF ANALYSIS

We have used both intensity and phase scintillation data
from Thule, Greenland (76.5°N, 68.7°W), a polar cap
station; Goose Bay, Labrador (53.3°N, 60.3°W), located
in the nighttime auroral oval; and Ascension Island
(7.9°S, 14.4°W), an equatorial anomaly station where the
cntical frequency of the F2 layer attains high values in
the postsunset period when the ionospheric irregularities
become most pronounced.

At Ascension Island, 244 MHz signals from the geo-
stationary satellite, Fleetsatcom, were recorded digitally
by a computer-controlled phase-lock receiver. The pro-
cessing of the phase and intensity scintiilation data using
the phase-lock system has been described carlier [10),
{11). This system was operated over a limited period of
time, namely, Jan.-Feb. 1981 and Jan.-Feb. 1982, cor-
responding to periods of strong scintillation activity at this
location. In addition to the above, total power receiving
systems arc employed to make routine recordings of sig-
nal intensity from Fleetsatcom at 244 MHz and from the
geostationary satellite, Marisat, at a variety of frequen-
cies, namely, 257, 1541, and 3954 MHz2. Round-theclock
observations by this total power system are recorded on
chart recorders and manually analyzed to determine inten-
sity scintillation magnitude over 15-min intervals {12].
During special campaign periods, however, the signals
were recorded on magnetic tapes to perform spectral anal-
ysis and to evaluate both the first- and second-order pa-
rameters related to scintillation statistics.
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Fig. 1. A 3-min data scgment of scintillations observed at 3934, 1541, and
257 MHz at Ascension Island and their respective spectra.

At the high latitude stations, Thule and Goose Bay, 250
MHz signals from near-stationary polar beacon satellites
were received at high elevation angles by both the com-
puter-controlled phase-locked receiver and the total power
system. In view of the periodic frequency updating of this
satellite at 168-s intervals, the phase and intensity scintil-
lation data could be processed over 82-s intervals spaced
168 s apait [5]). The total power system acquired intensity
scintillation data on chart recorders on a round-the-clock
mode which were analyzed manually as mentioned ear-
lier.

I11. ResuLTts
A. Ascension Island

During the last sunspot maximum period, the most se-
vere scintillation activity was encountered at this equa-
torial station [13], [14]. Fig. 1 shows a sample of such an
extreme case of scintillation activity which was recorded
on multifrequency transmissions from Marisat. The left-
hand panel shows, from the top, intensity scintillations at
3954, 1541, and 257 MHz over a 3-min period in the
carly evening hours. The right-hand panel shows the cor-
responding power spectra for the samples with the power
law index (slope) of the best fit straight line to the linear
rolloff portions indicated on the diagram. On the [eft-hand
panel, the second central moment of signal intensity,
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namely, the S, index of intensity scintillations defined in
[15), is labeled to provide a quantitative measure of in-
tensity fluctuations. At the lowest frequency, 257 MHz
shown in the bottom panel, the S, index of scintillations
attains a value of 0.88 approaching the saturation condi-
tion of S, ~ 1. The rate of fading is extremely fast and
approaches the receiver response time of 0.1 s. A receiver
with larger dynamic range and faster response time would
have recorded fading depths much larger than the 15 dB
level registered in the figure. At higher frequencies, the
phase perturbations are reduced so that scintillation mag-
nitudes are expected to be less. In general, when scintil-
lations are not very intense (S, < 0.6), intensity scintil-
lation magnitudes (S,) follow a frequency ( f) depen-
dence of f ' shown in [16]. The middle panel, however,
shows that at 1541 MHz in the L-band, the S, index re-
mains at the saturated level somewhat exceeding unity.
This signifies that the irregulanty environment is so in-
tense that saturated scintillations are obtained at 1541
MHz, and 257 MHz scintillations are dniven far into sat-
uration. The level of activity can be gauged from the top
panel which shows that even in the C-band (3954 MHz),
scintillation with §; = 0.31 is obtained. From an engi-
neering standpoint, this corresponds to a fluctuation of 6
dB [17].

Tne power spectra of scintillations obtained by the use
of the fast Founer transform (FFT) algonthnm are shown
in the right-hand panel of Fig. 1 {18]. The spectrum of
weak scintillations at 3954 MHz is shown in the top pancl.
It 1s charactenzed by maximum power spectral density
{psd) at a frequency ( f,,) of about 0.4 Hz. This frequency
can be cxpressed as f, = u/~2Nz where u is the drift
speed of irregulanties orthogonal to the propagation path,
A 1s the radio wavelength, and z is the slant range from
the observing site to the irregulanties [19). For these ob-
scrvations, A = 0.076 m, z = 450 km, and f,, = 0.4 Hz,
so that the value of u is derived as 104 m s™'. This is in
agreement with the observed values in the equatonal re-
gion where, dunng the early evening hours, the dnft speed
of F-layer irregulaniies with respect to the ground gen-
erally vanes hetween 100-200 m s~ [20). In contrast to
only a tactor of 2 vanation of dnft speed in the equatonal
region the speed in the auroral oval can vary by a factor
of 10 ot e This causes a considerable shift of f,, even
for a givcn peometry and a specified frequency as will be
shown later in the paper. The other features to be noted
are the slopes of the spectra on either side of the maxi-

mum psd. Since both psd and frequency are plotied on a
lepanttune woale, a hnear slope indicates a power law
variation o1 pad with frequency. The spectrum of 3954
MH2z scrnullatons indicates that at the low-frequency end,

the “aniation can be approximated by f *' and the vana-

von f rod at the high-frequency end can be expressed by

f *% The<e spectral slopes are typically observed and

have Leen related to the spectra of 1onosphenc irregular-
rirs [18) based on which the scintillation spectra have
heen snccessfully modeled [19].

The rnddls night hand panel shows the spectrum of

1541 MHz signals which represents the case of saturated
scintillations. In contrast to the 3954 MHz spectrum dis-
cussed above, the spectral maximum in this case is broad
and covers a frequency range of 0.1 Hz-1 Hz. The high-
frequency slope is also steeper indicating 2 power law in-
dex of —5.5. The broad spectral width and steep spectral
slopes are characteristics of strong intensity scintillations
[21], [22], [19]. In fact, or the basis of the expression for
f= given in the previous paragraph, which is valid for weak
scintillations, one expects that at 1541 MHz, a lower value
of £, will be obtained. Instead, f,, extends to much higher
values duc to strong scattering [23]. Since the autocorre-
lation function and power spectra are Fourier transform
pairs, the increased spectral width signifies a shorter au-
tocorrelation interval. Henceforth, the time interval for 50
percent decorrelation will be referred to as the decorre-
lation time (7). For practical purposes, it is found that the
inverse of the frequency f = 2 Hz, namely, 0.5 s, where
the psd falls to a level of 20 dB below the maximum,
corresponds quite well to the decorrelation time.

The lowest panel in Fig. 1 shows the scintillation spec-
trum of 257 MHz transmissions which is dnven far into
saturation. The spectral broadening is extreme in this case
and cxtends to 4 Hz. The spectral slope is steepest and
corresponds to a power law index of —7. The decorrela-
tion time is found to be 0.13 s signifying an extreme fad-
ing rate. It should be noted that although the S, indexes
for both 1541 and 257 MHz are approximately unity in-
dicating saturation, the decorrelation interval suil varies,
becoming shorter at the lower frequency which suffers
stronger scattenng.

Fig. 2(a) and (b) shows the cumulative distribution
function (cdf) of signal amplitude for the C- and L-band
frequencies illustrated in Fig. 1. The cdf is a first-order
statistic and is useful for defining the minimum margin
requirements for cominunication links in nondiversity
systems. The diagrams indicate the cdf for the observa-
tions (solid line) as +ell as the theoretical Nakagami m-
distribution discussed in [24] which is indicated by dotted
lines at the m value (m = l/Sf) appropnate for the data
sample. It can be seen that the theoretical distributions
represent the observations quite well over a wide range of
activity levels, being weak at 3954 MHz and strong at
1541 MHz. For intense scintillations such as seen on 1541
MHz, the cdf approaches a Rayleigh distnbution (m =
). The Nakagami m-distnbution has been earlier shown
to be useful for descnibing the effects of scintilfations on
satellite communication links [25].

In addition to the cdf which describes the probability
distribution of the depth of fading, a statistical description
of the fading rate is necessary to fully charactenze the
effects of scintillations on communication links. The in-
formation on the fading rate is contained in the power
spectra of scintillations which we have descnbed earlier
Another way of obtaining this information 15 to employ a
level crossing tcchnique. This gives the distnbution of
fade duration across a set of specified fading levels. Often,
this representation is simpler and easier to interpret in re-
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Fig. 2. (a) The cumulative amplitude distribution of scintillations at 3954
MHz shown in Fig. 1. (b) Same as in Fig. 2(a) for scintillations at

1541 MHz.

lation to systems applications. The left- and right-hand
panels in Fig. 3 show the distribution of fades obtained at
3954 and 1541 MHz, respectively, over the first 1.5 min
of the 3-min signal segments illustrated in Fig. 1. The
shortest fade duration that could be measured in conform-
ity with the data digitization rate was 0.04 s. The left-
hand panel shows the distribution of fade duration for the
3954 MHz scintillation sample. Four separate fade depth
levels at 1 dB intervals are found to be appropriate for this
sample of weak scintillation. At the — 1 dB fade level,
the flat top portion of the curve commences to slope

downwards at a fade duration of 0.2 s, which represents
the longest fade duration at this fade level. The maximum
number of fades encountered at the —1 dB level is 54.
This number reduces with decrease in fade duration and
attains a count of 27, i.e., 50 percent of the maximum
count at a fade duration of 0.08 s. At the next lower fade
level of —2 dB, the maximum number of fades reduces
t0 22. The ~4 dB fade level lies on the abscissa indicat-
ing that fades do not reach this level. The right-hand panel
shows the corresponding distribution for 1541 MHz scin-
tillation which is much more intense and is, in fact, sat-
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Fig. 3. Distribution of the fade durations for the period of weak scintilla-
tions at 3954 MHz and strong scintillations at 1541 MHz illustrated in

Fig. 1.

urated at S, = 1.12. In this case, the fade levels are cho-
sen at wider intervals. The distribution is interesting in
the sense that the number of fades is drastically reduced
at higher fade levels exceeding —16 dB. Thus, although
the fade depth of strong 1541 MHz scintillations exceeds

20 dB, the number of fades at —16 dB level in one 1.5-
min interval is only 7 and the maximum 